There is ample evidence that the occipital cortex of congenitally blind individuals processes nonvisual information. It remains a debate whether the cross-modal activation of the occipital cortex is mediated through the modulation of preexisting corticocortical projections or the reorganisation of thalamocortical connectivity. Current knowledge on this topic largely stems from anatomical studies in animal models. The aim of this study was to test whether purported changes in thalamocortical connectivity in blindness can be revealed by tractography based on diffusion-weighted magnetic resonance imaging. To assess the thalamocortical network, we used a clustering method based on the thalamic white matter projections towards predefined cortical regions. Five thalamic clusters were obtained in each group representing their cortical projections. Although we did not find differences in the thalamocortical network between congenitally blind individuals, late blind individuals, and normal sighted controls, diffusion tensor imaging (DTI) indices revealed significant microstructural changes within thalamic clusters of both blind groups. Furthermore, we find a significant decrease in fractional anisotropy (FA) in occipital and temporal thalamocortical projections in both blind groups that were not captured at the network level. This suggests that plastic microstructural changes have taken place, but not in a degree to be reflected in the tractography-based thalamocortical network.
Introduction
There is strong evidence that the occipital cortex in visually deprived humans undergoes massive cross-modal reorganisation and processes sensory information from other modalities than vision (for review, see [1] ). However, there is no consensus as to whether these cross-modal responses are mediated by structural alterations in corticocortical or thalamocortical connectivity [2, 3] , or a combination of both [4] .
The thalamus forms an important relay between sensory input and the cerebral cortex for all sensory modalities, with the exception of olfaction. Specialised nuclei within the thalamus receive and process specific sensory input which is further sent to specialised cortical areas via thalamocortical projections [5, 6] . In the normal healthy human brain, visual information is relayed from the lateral geniculate nucleus (LGN) to the primary visual cortex via the optic radiations (for review, see Metzger et al. [7] ).
In blind individuals, cross-modal responses in the occipital cortex could potentially be mediated through rerouting of information from auditory and somatosensory thalamic nuclei to the occipital cortex via the LGN. Although both the LGN and the optic radiations are reduced in size in congenital blindness [8] , nonvisual information might be relayed to the visual cortex through the optic radiations [9] [10] [11] [12] . This would imply the formation of novel ectopic connections between the thalamic somatosensory nucleus and the LGN, as has been shown in animal models of blindness [13, 14] . Alternatively, nonvisual occipital activation could also be mediated by strengthening of existing corticocortical connections [15] . To the best of our knowledge, no studies have reported on the contribution of the thalamus to the transfer of nonvisual information to the visual cortex in human blind subjects. Therefore, purported alterations in thalamocortical connectivity in the human blind brain remain to be proven.
The aim of this study is therefore to map thalamocortical structural connectivity in vivo using tractography based on diffusion-weighted imaging (DWI). A second aim was to test whether changes in the intrinsic regional microstructure of the thalamic nuclei can be demonstrated by diffusion tensor imaging (DTI). Adopting the method of Behrens et al. [16] , we segmented the thalamus into clusters based on their thalamocortical connectivity as revealed by DWI-based tractography and compared the structural thalamocortical connectivity patterns among age-matched groups of congenitally blind (CB), late blind (LB), and normal sighted (NS) control subjects. We reasoned that between-group changes in thalamocortical white matter projections would be reflected by altered thalamic segmentation patterns and that these alterations would depend on the onset of blindness.
Materials and Methods

Subjects and Data Acquisition.
A total of 12 CB (mean age 42 ± 13 years), 15 LB (mean age 52 ± 15 years, mean onset of blindness 16.6±8.9 years), and 15 NS (mean age 46±13 years) individuals were included in the study. The cause of blindness was restricted to be of peripheral origin and subjects with residual vision were excluded. The Danish ethics committee for Copenhagen and Frederiksberg (KF 01 328 723) approved the study and all participants gave oral and written informed consent.
Magnetic resonance images (MRI) of the brain were acquired using a 3.0 Tesla Siemens Verio scanner with a 32-channel head coil (Siemens, Erlangen, Germany). Data from the same study cohort have been used in two related publications [17, 18] and will therefore be only shortly summarised. Two DWI data sets of the whole brain (61 axial slices with an isotropic voxel resolution of 2.3 mm) were consecutively acquired using a twice-refocused spin-echo sequence [19] . Sequence settings were as follows: TE = 89 ms, TR = 11440 ms, Grappa factor = 2, with 24 reference lines and 61 uniformly distributed directions with = 1500 s/mm 2 , and 10 non-diffusion-weighted images. For postprocessing purposes, a set of non-diffusion-weighted reversed phaseencoding images was acquired with the same imaging parameters. High-resolution T1-weighted structural image volumes were acquired for anatomical information (TE = 2.32 ms, TR = 1900 ms, and flip angle = 9 ∘ ) with an isotropic voxel resolution of 0.9 mm.
Data Preprocessing.
We used MATLAB R2012a (MathWorks, Inc., Natick, Massachusetts, USA) and FSL [20] [21] [22] for image processing. Susceptibility artefacts in the raw DWIs were minimised with the application of a voxel displacement map (VDM). The two reversed phase-encoding = 0 s/mm 2 images were used for estimating the voxel shifts for the VDM, as implemented in FSL's topup tool [20, 23] . We applied the VDM and a full affine transformation to correct for movement and eddy currents in the DWIs using FSL's eddy tool [24] , by reslicing to original image resolution using spline interpolation. Finally, the 61 directions were reoriented similarly to the orientation introduced by the applied transformations [25] . The T1-weighted images were corrected for gradient nonlinearities [26] .
Defining Seed and Target Masks of Thalamus and Cortex.
To examine the thalamocortical connectivity pattern, seed and target masks for tractography were defined. The target masks were obtained through a subject-based cortical segmentation with FreeSurfer software v. 5.3.0 [27, 28] based on the averaged T1-weighted volumes [29] . The cortical segmentation from FreeSurfer was used to define anatomical regions of interest using the Desikan-Killiany atlas [30] . We created five cortical target masks, which were used for tractography, including the occipital, temporal, somatosensory/parietal-postcentral, motor/precentral, and frontal cortical areas. Table 1 shows the expected relation in terms of brain connectivity in the normal healthy human brain between the five cortical target masks and thalamic regions. The seed mask for tractography included all voxels within the thalamus region. This region also included the LGN and MGN as defined in the AAL atlas [31] . The seed mask was then transformed from MNI space into each individual subject's diffusion space for tractography. This was done using nonlinear registration from the MNI template to the structural T1-weighted image space and then using linear registration from the T1-weighted to the nondiffusion-weighted image. For each subject, the thalamic seed mask was manually edited to ensure proper coverage of the anatomical area of the thalamus. The cortical target masks were transformed from each individual subject in FreeSurfer space through the structural T1-weighted images to each individual subject's diffusion space through the FA image. The transformations were done using FreeSurfer and FSL v. 5.0 registration tools [20-22, 32, 33] .
Tractography-Based Thalamocortical Segmentation.
Based on the preprocessed DWIs, we used FSL's bedpostx tool to estimate the multifibre directions within each voxel of the brain using the ball-and-two-sticks model [34, 35] as the fibre orientation distribution function for subsequent tractography. For tractography-based thalamic segmentation, we used the tractography and clustering procedure available in FSL and standard settings [16] . First and in native space, probabilistic tractography was performed for each voxel in the thalamic seed mask (5000 streamlines per voxel) and to each of the five cortical target masks. Tractography was run separately in each hemisphere, and a midsagittal exclusion mask ensured exclusion of transhemispheric connections. Then, FSL "find-the-biggest" hard clustering approach was applied to Cortical target masks defined by combining labels given by the Desikan-Killiany atlas. The last column shows the thalamic nuclei, corresponding to the respective cortical projection sites as defined from an anatomical atlas based on the normal healthy human brain [5] .
LGN: lateral geniculate nuclei; MGN: medial geniculate nuclei.
the tractography results to segment the thalamus into five clusters, corresponding to the tractography connectivity pattern to each of the five cortical target masks. For each individual, seeds-to-target information on the connectivity from the seed to each individual target mask was obtained from the tractography. Based on this information, the find-the-biggest clustering assigns each voxel within the thalamus to the class with the highest connectivity count. We additionally used the seeds-to-target information as a marker of connection strength between the thalamus and each cortical target mask represented by the connectivity count within each voxel of the thalamus normalised with total number of streamlines. Lastly, to extract a region of interest within the individual thalamocortical white matter projections between the thalamus and each cortical target mask, tractography was run from the thalamus to each individual target mask, using the remaining cortical masks as exclusion masks.
Volume and DTI-Derived Indices of Whole Thalamus and
Thalamic Clusters. The overall thalamic volume was assessed in native space based on the T1-weighted images. The volume of each cluster was evaluated in native diffusion image space based on the five cluster segmentations. The volume of each cluster was normalised with the total thalamic volume.
Applying a diffusion tensor model to the preprocessed DWIs, the DTI-derived indices fractional anisotropy (FA) and mean diffusivity (MD) were extracted for each voxel and the mean value was calculated for the whole thalamus and each individual cluster.
Microstructural Features of Thalamocortical White Matter
Projections. Regions of interest within the white matter projections from the thalamus to each cortical target mask were extracted from the tractography by thresholding. A threshold of 40% of the highest number of streamlines connecting the thalamus and the target was set to focus on the core tract area, that is, typically situated in the midline of the tract, removing spurious streamlines. Furthermore, we ensured that there was no overlap between white matter projections by keeping only the streamlines within the tract that had the highest connection strength. MD and FA were extracted to calculate the mean of each voxel within this core tract region of interest of each white matter projection.
Statistical Analyses.
Based on our previous report on thalamic volume reductions in congenitally blind subjects [8] , we applied a one-tailed -test under the assumption of unequal variance between groups to test for betweengroup differences in overall thalamic volume at a significance level of < 0.05. A one-way ANOVA was applied to test for differences in individual cluster volume, correcting for multiple comparisons using the Bonferroni method.
We used a similar one-way ANOVA for testing the overall group differences of the DTI-derived microstructural indices within the whole thalamus and thalamic clusters at a significance level of < 0.05. Group and cluster were main effects, whereas "group × cluster" was the interaction of interest. Post hoc two-sample -tests were used to assess differences between each group and cluster, adjusting for multiple testing. The same procedure was applied to test for statistical differences in MD and FA in the five white matter projections from each thalamic cluster. For all variables, Levene's test was used to check for homogeneity of the variance prior to application of the ANOVA.
Results
Connectivity-Based Segmentation of the Thalamus.
Connectivity-based segmentation of the thalamus resulted in five clusters. Figure 1 shows the thalamic segmentation pattern and the corresponding cortical target masks in a normal sighted control. The occipital cluster (light blue) comprised mainly the LGN that projects to the primary visual cortex. The temporal thalamic cluster (dark blue) included mainly the MGN but also the pulvinar, which projects to occipital, parietal, and temporal areas. We wish to point out that because of the close anatomical proximity of the LGN and MGN in the metathalamus and overlapping thalamic projections, the clustering method is not likely to separate these small structures completely. The sensory thalamic cluster (red) included the lateral nucleus and the ventral posterior and the ventral lateral thalamic nuclei projecting to posterior parietal and postcentral cortical areas. The motor cluster (green) covered the ventral anterior nucleus projecting to precentral but also superior frontal cortices. The frontal cluster (yellow) included the anterior nucleus and the mediodorsal nucleus, which project to superior frontal and prefrontal areas.
Segmentation of the thalamus based on structural thalamocortical connectivity resulted in similar clusters in all groups (Figure 2) . Figure 2(a) shows an example of the thalamic segmentation pattern for a CB, LB, and NS subject, whereas Figure 2(b) shows a bar plot of the marker of connection strength, represented as the normalised seed to target, for each of the thalamocortical projections. There was no significant group difference in the connection strength. Hence, we could not confirm our hypothesis that blindness would be associated with differences in thalamocortical connectivity relative to normally sighted controls. Specifically, we found no increase in connectivity strength between occipital cortex and somatosensory and auditory projection nuclei. For all groups, the occipital cluster was very small, and the connection strength was much lower compared to that of the other clusters (Figure 2(b) ). In several cases, the occipital cluster was overruled by the larger projections from nearby regions, which lead to no occipital cluster using the Neural Plasticity find-the-biggest segmentation (number of instances of presence of an occipital cluster for each group: CB: left 5/12, right 3/12 subjects; LB: left 8/15, right 2/15 subjects; NS: left 9/12, right 9/15 subjects).
Thalamic Volume and Microstructure.
Overall thalamic volumes, corrected for intracranial brain volume, were significantly lower in congenitally blind (left/right: 6206 ± 702 mm 3 /6460 ± 763 mm 3 , = 0.033 and 0.027, resp.) and late blind (left/right: 6059 ± 578 mm 3 /6419 ± 659 mm 3 , = 0.002 and 0.008, resp.) individuals compared to sighted controls (left/right: NS: 6661 ± 439 mm 3 /7014 ± 603 mm 3 ). Analysis of the MD and FA within the total thalamus mask (including all five clustered regions) showed a significant group difference in FA for the left ( = 10.69, < 0.0005) and right ( = 12.17, < 0.0005) thalamus. Post hoc tests revealed that reduced FA in CB (left and right: corr. < 0.0005) and LB (left: corr. < 0.02; right: corr. < 0.03) caused the difference. Analysis of each thalamic cluster showed that the reduced FA was located in the temporal, sensory, and frontal cluster ( Table 2 ). No differences were found in MD within the total thalamus mask or in any of the clusters. Figure 3 shows that the five thalamocortical white matter projections appeared visually similar across all three groups and also that the optic radiations remained present in the CB and LB groups, despite the absence of visual input ( Figure 3, first Figure 3 : Examples of cortical white matter projections from each of the five thalamic clusters to the cortical target masks in a CB, LB, and NS participant. The cortical target masks are defined from the Desikan-Killiany atlas provided with FreeSurfer, as described in Table 1 . The tracts are overlaid on each subject's T1-weighted image and presented in a slice of the most representative view, axial or coronal.
Microstructural Properties within Thalamocortical Projections.
MD values within each white matter projection are shown in Table 3 .
Discussion
We here present a connectivity-based clustering of the thalamus based on a hard segmentation between predefined cortical areas and the thalamus in blind and sighted individuals. We did not find evidence for changes in thalamocortical connectivity, as was shown with histological tracing techniques in animal studies (see [14] ). Since DWI-based in vivo tractography maps larger fibre bundles and lacks specificity and sensitivity towards subtle axon bundles, these results do not rule out the possibility that there are subtle thalamocortical rearrangements related to blindness. However, analysis of DTI-derived microstructural indices revealed regional alterations in thalamic microstructure. Both blind groups showed reduced regional FA values relative to normal sighted controls in thalamic clusters that were connected to temporal, somatosensory, and frontal cortex. This indicates that blindness is associated with structural alterations within the thalamus and suggests a possible reorganisation of a thalamocortical connectivity pattern that was not captured with tractography. We also found a decrease in FA in the thalamooccipital and thalamotemporal projections. Furthermore, late blind, but not congenitally blind, participants additionally showed increased MD in these tracts compared to normal controls. However, these microstructural changes were not sufficiently large to be reflected in the tractographybased thalamocortical connectivity results. We suggest that changes in the microstructural environment are not a direct indicator of thalamic reorganisation but rather reflect a neuroplastic effect of the thalamic projections responding to a functional change. However, specific functional studies are needed to support this structural-functional relation in the blind.
How Does Nonvisual Information Reach the Visual Cortex?
The functional reorganisation of the visually deprived human brain could be supported either by unmasking of already existing thalamic projections or by the development of new connections. Changes in thalamocortical connectivity might be related to connections from nonvisual thalamic nuclei that send out new axon collaterals conveying nonvisual information flow to the visual cortex. Despite a complete lack of afferent visual input, the geniculocalcarine pathway remains relatively spared [11, 12, 36, 37] . Data from the present study confirm that the connectivity between the thalamus and the occipital cortex in the human is preserved in congenitally blind individuals, as testified by the absence of group differences in posterior thalamic clusters and normal looking optic radiations on visual inspection. Since congenitally blind individuals have never had any visual experience, it seems plausible that the geniculocalcarine tract is kept alive by the relay of nonvisual sensory information to the occipital cortex, a contention that is now generally accepted (see [38] for review). For instance, Bridge et al. [12] reported a decrease in FA of the optic radiations but suggested normal connectivity, assessed through the number of tractography streamlines (i.e., strength of connectivity) from the thalamus to the primary visual cortex in six anophthalmic subjects. Using anatomical connectivity mapping (ACM) and DTI, ; SD: standard deviation.
Neural Plasticity 9 we also previously reported decreased FA within the optic radiations in the same blind groups, whereas ACM was mainly decreased within the splenium and midbody of the corpus callosum [18] . A retrograde tracer injection study in the primary visual cortex of early bilaterally enucleated opossums reported preservation of normal connectivity, but also new corticocortical and thalamocortical connections [14] . The authors suggested that the visually deprived occipital cortex receives inputs from various nonvisual thalamic nuclei related to somatosensory, auditory (see also [39] ), and motor functions. Hamsters and ferrets, in which the occipital cortex has been ablated at birth, leaving the eyes and the optic tract intact, show a rearrangement of the thalamic intrinsic connectivity patterns [40] . Anatomical tracer studies in these animals have shown that the MGN becomes invaded by retinal projections and that neurons within the auditory cortex now also respond to visual stimuli. Importantly, rewired animals can use their auditory cortex to perform visual tasks (for review, see [38, 41] ). Such thalamic rearrangements might result in a subtle shift in the border between thalamic nuclei projecting to auditory and visual areas, whereby projections from the MGN invade the LGN or the pulvinar nucleus, thereby rerouting auditory information to the visual cortex. Other studies have also reported a similar mechanism when the somatosensory thalamic nucleus (VB) receives projections from the retina [41] . VB neurons in rewired animals project to the somatosensory cortex and become responsive to visual stimulation [41] . Using tractography-based thalamic network analysis, we did not find evidence for a shift in the borders of the thalamic clusters, nor for a change in thalamocortical connectivity per se. However, our findings of decreased FA within several clusters of the thalamus suggest a change in the microstructural distribution of fibre connections within the thalamus, possibly related to a change in the internal connectivity between the clusters. We previously reported an overall volumetric reduction of the thalamus as well as several of its atlas-based subdivisions in congenitally blind subjects [8, 11, 41] . The present data confirm and extend these findings by showing that similar volumetric reductions take place in late blind individuals.
The reduction in the size of the thalamus, and particularly that of the LGN, parallels animal models of early visual deprivation, enucleation, or cortical lesions. For example, the early cortical ablation of all visual cortical areas in the monkey leads to a largely reduced dLGN that is still layered and metabolically active [42, 43] .
The Link between Functional and Structural Reorganisation: Methodological Limitations.
The animal and human literature on visual deprivation provides key elements that subcortical mechanisms play an important role in the reorganisation of the thalamofugal projections [38, 41] . In animal models, subcortical rearrangements lead to rerouting of the auditory and somatosensory inputs to the dLGN [13, 14, 41] . Using dynamic causal modelling analysis of human fMRI data, Klinge et al. [44] argue in favour of increased corticocortical connectivity, supporting the hypothesis of increased functional connectivity between the primary auditory and primary visual cortex, as opposed to increased thalamocortical connectivity. There is also evidence for increased corticocortical connectivity between primary somatosensory and occipital cortex in congenital blindness of humans, as demonstrated by transcranial magnetic stimulation (TMS) [15] , combined TMS and positron emission tomography [45] , and magnetoencephalography studies [4] . Behavioral and imaging studies using a sensory substitution device that translates visual information into electrotactile stimulation also showed increased corticocortical connectivity between the primary somatosensory and primary visual cortex [3, 15] . However, the strengthening of corticocortical connectivity does not preclude the possibility that changes also may take place in thalamocortical connectivity, and the two types of connectivity changes may exist together. Interestingly, we did observe microstructural changes along some thalamocortical connections, suggesting that connectivity-related changes have taken place, but not at a level reflected in the thalamocortical connectivity revealed by tractography.
We found a difference in mean FA within the occipital and temporal white matter projections in both groups of blind subjects. Even though we restricted the region of interest to the core part of the tracts for voxel-wise analysis, differences in mean FA can be caused by the modulation of macroscopic effects, such as bending, crossing, and fanning axons [46] . Macrostructural effects as tract shape and volume may blur true differences in microscopic anisotropy [47] in blind individuals.
We selected a constrained thalamocortical segmentation method, based on five predefined cortical areas that are connected with different thalamic nuclei. Although the fivecluster segmentation gave robust thalamic clusters, it grouped several thalamic nuclei into one common cluster, making it difficult to distinguish visual, auditory, and somatosensory connectivity. Furthermore, the find-the-biggest approach is a hard clustering approach not taking into account less probable connections in the final segmentation. However, the find-the-biggest approach is based on the "seeds-to-target" analysis, in which each voxel is given a number according to the probability of that voxel to be assigned to a certain cortical mask. This hard clustering approach does not allow an examination of potential reorganisations within the cortex. Modulation of the thalamocortical projections might also be reflected at the cortical level through internal corticocortical connectivity changes. Alternatively, an unconstrained clustering method, such as -means clustering, could be used. Our exploratory results using this unconstrained method (data not shown) demonstrate that five clusters is a good choice, supporting the constrained method used [16, 48, 49] . However, unconstrained clustering provides noisy results, challenging a robust definition of thalamic clusters. Different sources can contribute to the noisy clustering results, for instance, seeding streamlines within grey matter voxels. Since subcortical grey matter areas as the thalamus have low anisotropy, this introduces fluctuations in tractography streamlining until they reach the surface of thalamus and enter the white matter tracts. These fluctuations can introduce false positives as well as false negatives of especially the finer detailed tracts and therefore mainly the gross tract systems are reliably estimated with tractography [50, 51] . When using constrained clustering with fixed cortical regions, we reduce the noise but at the cost of losing finer connectivity details. However, to support the robustness of finer tracking details, that is, white matter tracts consisting of fewer numbers of streamlines, the data must be supplemented by results of tracer studies in animals and translated to human in combination with Klingler dissection [52, 53] .
Conclusion
We here presented a connectivity-based segmentation of the thalamus into five clusters and showed differences in DTI indices within the thalamus in congenital and late-onset blindness. These results indicate overall preservation of the structural thalamocortical connectivity but suggest that a reorganisation has taken place at the level of the thalamic nuclei. However, changes in DTI indices did appear in some of the thalamocortical projections, but they did not impact the overall structural thalamocortical network as revealed by tractography. The absence of macrostructural changes might be explained by a combination of how the tractography works and image quality (i.e., signal-to-noise and image resolution). The use of high-field MRI at 7 teslas might furnish a more appropriate tool for the detailed investigation of the connectivity pattern within the thalamus and cortex in sensory deprivation.
